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Figure EA-1. Optimized geometries of the measured ketone molecules (● = O, ● = C, ○ = H) in the twist-boat conformation (see 3.2.1.). 




Figure EA-2.  Theoretical equilibrium isotopic enrichment factors (εeq) at 25°C for secondary and tertiary Hα in all possible conformations of the six cyclic ketones, plotted versus the O=C−Cα−Hα dihedral. The value of εeq systematically decreases as the O=C−Cα−Hα dihedral approaches 80° to 90° (shaded area). Data can be found in Table EA-3.



Table EA-1. Measured hydrogen isotopic compositions of each cyclic ketone substrate (δ2HK) and the corresponding water (δ2HW) at equilibrium. The standard deviation is in the range of 2–6‰ for 2–3 replicates of each ketone sample and 1–4‰ for 3–4 replicates of each water sample.
ketone	δ2H (‰)	1	2	3	4	5	6	7	8
2-Methyl-cyclohexanone	δ2HW	473.8	362.1	264.0	150.9	43.2	−63.2	−172.6	−279.7
	25°C δ2HK	−71.5	−96.2	−120.0	−144.5	−167.3	−192.1	−218.7	−239.6
	50°C δ2HK	−71.0	−98.2	−122.7	−145.6	−168.7	−190.8	−216.2	−243.0
	70°C δ2HK	−73.5	−97.5	−120.0	−147.8	−169.3	−193.3	−219.4	−241.6
3-Methyl-cyclohexanone	δ2HW	474.4	364.1	262.2	145.3	43.7	−66.4	−168.4	−283.3
	25°C δ2HK	−70.2	−102.8	−132.6	−163.3	−191.8	−224.6	−252.4	−287.2
	50°C δ2HK	−70.2	−104.7	−136.8	−165.2	−195.4	−228.1	−257.1	−282.9
	70°C δ2HK	−72.1	−104.1	−131.0	−168.1	−197.3	−225.4	−259.4	−287.6
4-Methyl-cyclohexanone	δ2HW	472.9	363.7	263.5	150.4	47.9	−64.1	−166.8	−286.2
	25°C δ2HK	26.0	−0.2	−33.2	−63.4	−97.8	−128.5	−158.2	−189.4
	50°C δ2HK	29.8	−6.1	−36.8	−65.1	−93.6	−128.5	−157.6	−188.4
	70°C δ2HK	28.6	1.4	−31.5	−63.0	−91.9	−125.1	−157.8	−185.4
2,6-Dimethyl-cyclohexanone	δ2HW	474.1	367.7	260.5	156.4	51.0	−59.7	−165	−285.6
	25°C δ2HK	53.3	40.7	25.2	8.8	−5.7	−19.8	−37.4	−52.8
	50°C δ2HK	45.6	32.3	15.2	1.8	−12.2	−26.9	−41.8	−60.4
	70°C δ2HK	44.5	28.3	17.4	3.8	−14.3	−30.2	−43.3	−58.2
2,2,6-Trimethyl-cyclohexanone	δ2HW	472.7	366.5	264.1	150.9	44.4	−59.9	−174.2	−281.7
	25°C δ2HK	−67.7	−73.0	−81.2	−88.2	−92.8	−100.6	−109.8	−114.0
	50°C δ2HK	−70.1	−74.8	−81.5	−89.0	−95.2	−101.6	−107.2	−116.0
	70°C δ2HK	−68.7	−76.6	−83.2	−88.9	−95.9	−100.7	−109.4	−114.9
Cyclohexanone	δ2HW	469.0	368.2	265.1	153.8	43.8	−56.1	−162.2	−279.6
	25°C δ2HK	−13.9	−49.7	−90.0	−126.2	−158.5	−199.3	−231.5	−269.5
	50°C δ2HK	−19.3	−55.0	−88.0	−126.3	−162.1	−198.8	−235.6	−269.1
	70°C δ2HK	−20.2	−50.0	−89.4	−125.8	−162.2	−199.1	−232.5	−272.1


Table  EA-2. Calculated β factors from 0°C to 100°C for Hα in cyclic ketones of chair conformation with methyl group(s) at equatorial position(s). Superscript "eql" or "axl" denotes the equatorial or axial position for Hα.1° = primary, 2° = secondary, 3° = tertiary.
T (°C)	2-Methyl-cyclohexanone	3-Methyl-cyclohexanone	4-Methyl-cyclohexanone	Cis-2,6-Dimethyl-cyclohexanone	2,2,6-Trimethyl-cyclohexanone
	2°Hαeql	2°Hαaxl	3°Hαaxl	2°Hαeql	2°Hαaxl	2°Hαeql	2°Hαaxl	3°Hαaxl	3°Hαaxl
0	18.303	16.970	18.692	18.159	16.818	18.159	16.804	18.875	19.082
10	16.050	14.928	16.349	15.928	14.798	15.928	14.787	16.502	16.676
20	14.206	13.252	14.436	14.101	13.140	14.103	13.132	14.566	14.713
25	13.408	12.525	13.610	13.311	12.421	13.312	12.414	13.730	13.866
30	12.680	11.861	12.858	12.590	11.764	12.591	11.758	12.969	13.095
40	11.404	10.695	11.541	11.326	10.611	11.327	10.605	11.637	11.746
50	10.328	9.709	10.433	10.259	9.635	10.261	9.631	10.516	10.611
60	9.412	8.868	9.491	9.351	8.802	9.353	8.799	9.564	9.648
70	8.626	8.145	8.686	8.573	8.087	8.574	8.084	8.750	8.824
80	7.948	7.520	7.991	7.900	7.467	7.902	7.465	8.049	8.114
90	7.358	6.975	7.389	7.315	6.927	7.317	6.926	7.440	7.498
100	6.842	6.497	6.862	6.803	6.454	6.805	6.454	6.908	6.961



Table  EA-3. Calculated equilibrium isotopic enrichment factors (εeq) at 25°C for individual Hα positions in all stable configurations of the six cyclic ketones. 2° = secondary, 3° = tertiary.
compound	cyclohexanone						
molecular configuration	chair	twist-boat						
H type	2°	2°	2°	2°	2°	2°						
εeq (‰) at 25°C	-64.0	-121.6	-118.2	-148.3	-55.7	-124.0						
O=C-C-H  dihedral (°)	7.0	109.3	48.4	65.1	4.9	110.5						
compound	2-methylcyclohexanone			
molecular configuration	chair	twist-boat			
methyl group orientation	equatorial	axial	equatorial			
H type	2°	2°	3°	2°	2°	3°	2°	2°	3°			
εeq (‰) at 25°C	-55.3	-117.5	-41.0	-57.4	-124.3	29.3	-108.0	-148.2	-39.1			
O=C-C-H  dihedral (°)	4.0	112.6	116.7	9.1	106.6	17.6	44.8	68.7	118.0			
compound	3-methylcyclohexanone
molecular configuration	chair	twist-boat
methyl group orientation	equatorial	axial	equatorial	axial
H type	2°	2°	2°	2°	2°	2°	2°	2°	2°	2°	2°	2°
εeq (‰) at 25°C	-64.5	-125.5	-65.5	-119.0	-121.2	-152.4	-59.2	-124.3	-119.3	-152.0	-61.0	-127.7
O=C-C-H  dihedral (°)	6.3	110.2	5.4	111.0	48.1	65.5	4.9	110.6	48.0	65.7	3.3	112.4
compound	4-methylcyclohexanone
molecular configuration	chair	twist-boat
methyl group orientation	equatorial	axial	equatorial	axial
H type	2°	2°	2°	2°	2°	2°⁰	2°	2°	2°	2°	2°	2°
εeq (‰) at 25°C	-64.6	-124.9	-55.7	-119.6	-110.6	-148.9	-59.9	-123.9	-92.0	-149.7	-55.0	-117.3
O=C-C-H  dihedral (°)	7.3	108.9	8.3	107.5	45.9	67.7	4.6	110.6	43.0	70.2	1.9	114.1
compound	cis-2,6-Dimethyl-cyclohexanone	2,2,6-Trimethyl-cyclohexanone				
molecular configuration	chair	twist-boat	chair	twist-boat				
methyl group orientation	equatorial	equatorial	equatorial	axial	equatorial				
H type	3°	3°	3°	3°	3°	3°				
εeq (‰) at 25°C	-32.5	-17.7	-60.5	-22.9	34.1	-30.7				
O=C-C-H  dihedral (°)	119.6	124.3	85.5	116.6	30.8	120.5				




Table  EA-4. Unscaled vibration frequencies (cm-1) of the isotopologues we modeled for the six cyclic ketones in chair conformation with methyl group(s) preferentially at the equatorial position. (DFT-B3LYP/6-31G** with the Poisson-Boltzmann solvation model; see sections 2.3 for details; see optimized geometries in Fig. 2). Isotopologues are denoted by the position of deuterium substitution. Superscript "eql" or "axl" denotes the equatorial or axial position for Hα.1° = primary, 2° = secondary, 3° = tertiary. All-1H denotes the unsubstituted molecule.
isotopologue	cyclohexanone	2-methylcyclohexanone	3-methylcyclohexanone	4-methylcyclohexanone	cis-2,6-dimethylcyclohexanone	2,2,6-trimethylcyclohexanone
	all-1H	2°Hαeql	2°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	3°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	all-1H	3°Hαaxl	all-1H	3°Hαaxl
ϖ1	89.0	87.6	88.0	80.6	79.7	79.9	80.4	86.2	84.2	84.8	69.0	68.7	68.8	81.8	81.7	78.5	78.4
ϖ2	180.3	176.3	176.3	143.5	141.1	141.1	142.7	127.0	125.7	126.0	177.0	172.9	172.6	122.7	122.0	119.8	119.0
ϖ3	304.6	304.6	302.2	205.7	205.5	205.6	205.6	221.1	220.4	220.4	198.5	197.2	196.6	191.4	191.2	191.7	191.3
ϖ4	406.6	396.7	384.4	285.1	282.8	282.4	283.1	251.0	250.1	249.0	232.0	232.0	232.0	218.1	218.0	194.8	194.4
ϖ5	417.1	414.6	412.2	303.3	302.6	301.2	301.7	293.8	291.5	293.0	293.8	291.7	292.9	243.8	242.3	213.8	213.2
ϖ6	479.5	462.2	464.7	323.7	320.3	318.4	320.7	387.5	385.4	381.9	378.4	371.5	365.4	281.2	280.2	246.3	246.2
ϖ7	496.3	486.4	491.8	390.1	388.9	387.3	386.1	399.7	396.5	386.0	421.9	419.8	416.4	306.8	305.0	273.9	273.6
ϖ8	660.7	658.8	643.4	427.7	417.5	405.9	425.9	436.1	420.8	414.0	427.6	424.7	422.4	326.2	325.5	290.1	289.8
ϖ9	755.9	720.1	727.5	499.2	482.0	486.4	497.2	492.2	479.3	486.8	491.5	475.0	471.4	365.1	362.4	318.8	316.6
ϖ10	764.2	748.0	755.5	575.4	566.2	563.9	571.2	517.8	509.8	509.6	510.6	500.7	503.7	401.5	399.1	344.2	342.3
ϖ11	840.2	780.0	802.9	667.3	663.4	655.0	652.1	647.0	646.3	632.2	695.6	687.9	669.9	415.8	413.0	364.2	363.9
ϖ12	875.7	854.0	844.3	726.2	695.7	716.0	722.2	758.5	722.4	743.4	749.0	712.0	729.6	535.7	532.3	384.5	382.9
ϖ13	896.6	873.3	865.0	825.1	770.8	772.3	790.5	821.5	752.1	792.2	764.4	751.2	748.5	594.3	587.3	413.1	408.1
ϖ14	912.7	902.8	898.7	841.4	815.3	832.5	806.9	836.7	829.3	805.7	811.5	771.4	798.2	678.2	666.7	452.0	450.8
ϖ15	995.5	967.9	956.1	866.6	848.6	860.7	848.2	876.6	854.4	833.9	901.3	856.1	844.5	760.9	746.8	549.2	543.3
ϖ16	1021.5	980.1	994.9	899.5	880.7	871.7	861.5	889.2	885.3	884.1	909.7	892.4	896.5	838.7	803.1	558.9	555.5
ϖ17	1066.5	1049.4	1028.0	940.6	925.3	886.3	882.7	952.5	913.2	907.1	950.9	930.8	913.4	849.9	816.5	668.9	659.0
ϖ18	1076.1	1073.7	1075.8	972.0	941.0	953.4	937.3	967.2	949.3	960.3	966.3	940.8	963.4	862.5	853.9	746.0	725.2
ϖ19	1134.4	1106.6	1110.1	995.3	984.7	975.7	960.6	974.6	972.3	967.6	1013.2	983.6	971.5	907.6	875.6	801.7	792.7
ϖ20	1135.6	1126.3	1134.3	1063.4	1035.4	1011.1	992.7	1048.7	1013.8	999.2	1014.6	1013.9	1014.4	953.6	897.2	845.3	814.3
ϖ21	1243.4	1151.3	1171.4	1079.1	1063.6	1065.8	1062.1	1073.1	1049.8	1049.8	1077.3	1060.4	1023.7	979.6	926.5	865.7	827.1
ϖ22	1249.7	1239.9	1242.3	1090.5	1080.6	1089.7	1071.2	1091.0	1074.7	1084.5	1094.9	1084.1	1094.3	985.8	967.6	889.6	876.9
ϖ23	1269.0	1254.6	1267.5	1132.8	1120.2	1114.9	1113.3	1125.8	1122.1	1120.6	1136.1	1116.7	1120.5	1004.8	983.7	935.1	900.1
ϖ24	1287.6	1277.2	1277.0	1142.9	1127.2	1142.0	1133.9	1142.0	1126.1	1126.8	1144.2	1133.0	1136.2	1055.6	1010.4	948.2	918.4
ϖ25	1334.2	1300.8	1300.6	1161.3	1149.8	1143.3	1138.9	1225.0	1152.9	1169.2	1198.6	1153.5	1168.7	1084.0	1059.2	963.1	943.2
ϖ26	1338.8	1333.8	1318.9	1241.0	1158.6	1206.4	1178.5	1243.2	1221.2	1225.9	1242.6	1192.2	1207.8	1120.8	1077.0	987.1	951.4
ϖ27	1366.6	1338.4	1339.1	1262.1	1242.1	1239.4	1197.2	1251.1	1241.1	1241.8	1269.1	1251.5	1264.8	1138.5	1117.5	999.0	975.6
ϖ28	1375.2	1367.4	1366.0	1279.1	1263.1	1271.5	1260.6	1291.1	1255.9	1277.5	1276.5	1270.4	1276.3	1139.2	1134.3	1030.7	1015.1
ϖ29	1377.8	1368.3	1375.7	1309.1	1301.5	1295.9	1277.7	1302.1	1289.1	1293.6	1310.0	1290.7	1280.7	1147.8	1141.3	1060.4	1024.5
ϖ30	1454.4	1375.4	1378.2	1336.6	1310.9	1307.3	1306.1	1331.8	1320.7	1301.6	1332.2	1309.9	1306.3	1169.3	1158.9	1066.1	1060.6

Table EA-4 (continued)
isotopologue	cyclohexanone	2-methylcyclohexanone	3-methylcyclohexanone	4-methylcyclohexanone	cis-2,6-dimethylcyclohexanone	2,2,6-trimethylcyclohexanone
	all-1H	2°Hαeql	2°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	3°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	all-1H	3°Hαaxl	all-1H	3°Hαaxl
ϖ31	1464.4	1459.3	1459.0	1343.0	1335.9	1325.5	1336.6	1344.0	1330.7	1330.6	1344.6	1331.6	1327.4	1244.1	1192.7	1121.9	1062.9
ϖ32	1482.5	1482.4	1482.3	1366.1	1343.4	1343.4	1365.3	1360.6	1343.5	1344.7	1354.8	1338.5	1343.1	1268.0	1213.1	1139.4	1096.4
ϖ33	1490.5	1490.1	1490.1	1377.5	1362.6	1365.5	1371.9	1375.4	1360.7	1358.3	1375.9	1356.0	1352.6	1308.2	1265.0	1148.2	1141.8
ϖ34	1501.8	1501.2	1501.2	1388.8	1372.2	1378.9	1377.9	1387.9	1373.9	1375.6	1393.5	1374.2	1377.9	1318.1	1293.7	1193.1	1182.5
ϖ35	1746.4	1744.3	1745.9	1402.3	1388.5	1389.1	1402.2	1400.4	1383.6	1387.9	1400.5	1391.0	1393.8	1341.7	1318.9	1218.4	1191.6
ϖ36	3010.2	2264.1	2217.4	1463.9	1402.3	1402.3	1462.9	1451.1	1400.4	1400.3	1452.8	1400.3	1400.4	1344.4	1341.5	1230.0	1210.5
ϖ37	3011.0	3011.0	3011.0	1480.3	1479.9	1480.0	1479.9	1463.8	1457.3	1456.8	1462.0	1458.1	1457.8	1373.1	1367.5	1266.1	1227.0
ϖ38	3016.3	3011.9	3012.8	1482.6	1482.6	1482.6	1480.9	1478.4	1477.5	1477.5	1481.2	1480.9	1481.0	1384.0	1372.8	1304.7	1233.9
ϖ39	3022.1	3019.7	3021.9	1483.2	1483.1	1483.0	1483.0	1485.5	1485.3	1485.3	1486.6	1486.5	1486.4	1389.1	1386.0	1322.0	1304.4
ϖ40	3024.1	3022.9	3023.9	1486.9	1486.8	1486.8	1486.7	1491.5	1491.4	1491.4	1490.4	1490.4	1490.4	1401.7	1401.4	1343.8	1314.1
ϖ41	3060.7	3027.6	3060.6	1500.6	1499.8	1499.9	1500.5	1495.5	1495.4	1495.4	1495.0	1494.6	1494.6	1403.8	1403.6	1368.0	1366.8
ϖ42	3068.2	3060.8	3068.1	1743.8	1741.6	1743.3	1743.1	1745.7	1743.5	1745.2	1747.2	1745.0	1746.7	1475.1	1474.5	1378.9	1368.9
ϖ43	3073.1	3068.3	3072.6	2994.2	2265.4	2220.3	2202.6	2995.7	2256.9	2208.5	2990.8	2262.9	2217.4	1478.9	1478.8	1385.6	1378.7
ϖ44	3087.6	3073.3	3080.6	3010.6	2994.4	2994.7	3009.8	3001.1	2996.1	2997.2	3007.7	2990.8	2990.8	1482.5	1482.0	1391.1	1390.7
ϖ45	3091.6	3090.9	3091.1	3014.1	3010.6	3010.6	3013.4	3009.1	3003.7	3006.5	3012.7	3008.1	3008.7	1484.7	1484.5	1398.4	1398.2
ϖ46				3016.8	3014.1	3014.1	3016.6	3012.9	3012.5	3012.8	3013.1	3012.8	3012.9	1487.9	1487.2	1408.3	1408.3
ϖ47				3020.5	3018.7	3019.7	3020.5	3014.8	3012.9	3013.8	3016.2	3013.8	3014.0	1488.6	1487.9	1470.5	1470.5
ϖ48				3030.6	3028.0	3030.6	3030.6	3022.5	3017.7	3022.5	3018.7	3018.7	3018.7	1497.2	1497.1	1472.4	1472.4
ϖ49				3056.3	3030.7	3056.1	3056.2	3050.9	3022.5	3050.8	3059.1	3024.2	3059.0	1742.7	1741.7	1479.7	1479.4
ϖ50				3061.3	3056.3	3061.3	3061.0	3066.8	3051.0	3066.6	3063.1	3059.2	3062.5	2996.3	2207.4	1481.5	1480.4
ϖ51				3066.5	3061.4	3066.0	3066.4	3072.2	3066.8	3070.8	3071.7	3063.3	3071.6	3003.4	2999.9	1483.3	1482.7
ϖ52				3089.6	3066.7	3082.8	3089.0	3074.5	3072.2	3072.2	3076.7	3071.7	3076.7	3009.8	3008.4	1486.9	1486.6
ϖ53				3090.5	3089.6	3089.6	3090.4	3079.3	3075.1	3075.9	3086.0	3076.7	3078.9	3010.5	3009.8	1488.9	1488.7
ϖ54				3095.2	3095.2	3095.2	3095.2	3089.7	3089.6	3089.7	3088.6	3088.2	3088.3	3014.4	3014.3	1497.2	1497.1
ϖ55														3028.0	3028.0	1502.2	1502.1
ϖ56														3030.9	3030.9	1738.7	1738.1
ϖ57														3052.9	3052.9	3002.9	2212.8
ϖ58														3056.0	3055.9	3006.6	3005.6
ϖ59														3062.2	3061.9	3013.2	3007.7
ϖ60														3087.4	3087.4	3018.5	3018.4
ϖ61														3090.0	3089.5	3022.2	3022.1
ϖ62														3094.8	3094.7	3027.9	3027.9
ϖ63														3095.5	3095.5	3032.3	3032.3
ϖ64																3044.4	3044.4
ϖ65																3055.2	3054.9
ϖ66																3061.0	3060.7
Table EA-4 (continued)
isotopologue	cyclohexanone	2-methylcyclohexanone	3-methylcyclohexanone	4-methylcyclohexanone	cis-2,6-dimethylcyclohexanone	2,2,6-trimethylcyclohexanone
	all-1H	2°Hαeql	2°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	3°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	all-1H	2°Hαeql	2°Hαaxl	all-1H	3°Hαaxl	all-1H	3°Hαaxl
ϖ67																3076.8	3076.8
ϖ68																3088.2	3088.2
ϖ69																3089.1	3088.6
ϖ70																3096.4	3096.4
ϖ71																3097.0	3097.0
ϖ72																3102.5	3102.4
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